RECENT STUDIES of cardiac function have drawn attention to vascular impedance as ventricular afterload.'-' In comparisons of changing load under different circumstances, vascular impedance is usually expressed as characteristic impedance.3 5 7-9 Characteristic impedance has been used also as an index of arterial distensibility and this (when expressed in appropriate units) has been shown to change in different disease conditions with different drugs and with increasing age. , [9] [10] [11] [12] [13] [14] [15] Characteristic impedance of an arterial segment is directly related to regional arterial pulse wave velocity (PWV). 0 Regional PWV can be determined from the time delay between the foot of pulse waves recorded in proximal and distal sites and the distance between recording sites. Hence valuable information on left ventricular load and on systemic arterial distensibility
populations, serum cholesterol tended to be lower at all age groups, systolic pressure higher at ages over 35 years, and PWV higher at all ages. Because change in PWV is directly related to change in arterial compliance, these results indicate that aging and not concomitant atherosclerosis (known to be rare in Asian populations) is the dominant factor associated with reduced arterial compliance and increased left ventricular load in these subjects. Circulation 68, No. 1, 50-58, 1983. RECENT STUDIES of cardiac function have drawn attention to vascular impedance as ventricular afterload.'-' In comparisons of changing load under different circumstances, vascular impedance is usually expressed as characteristic impedance.3 5 7-9 Characteristic impedance has been used also as an index of arterial distensibility and this (when expressed in appropriate units) has been shown to change in different disease conditions with different drugs and with increasing age. , [9] [10] [11] [12] [13] [14] [15] Characteristic impedance of an arterial segment is directly related to regional arterial pulse wave velocity (PWV). 0 Regional PWV can be determined from the time delay between the foot of pulse waves recorded in proximal and distal sites and the distance between recording sites. Hence valuable information on left ventricular load and on systemic arterial distensibility tic PWV.9 11 Despite the ease with which PWV can be measured and the long history of interest in the subject -from the time that the physician/physicist Thomas Young introduced his modulus of elasticity'6 17 -there have been few detailed studies of PWV, especially with modem instrumentation. Virtually all major studies in man have been conducted in Occidental populations. 12. 7-27 These studies have shown considerable increase in arterial PWV with age.
PWV is directly related to arterial wall stiffness and to wall thickness."' '5 It has not been established whether the increase in PWV that occurs with aging in Occidental populations is due to degeneration of the arterial wall (causing an increase in wall stiffness) or due to atherosclerosis (causing an increase in wall thickness). PWV is known to be higher in subjects with atherosclerosis2'33 and in primates with experimental atherosclerosis34 when compared with agematched controls28-33; in experimental animals PWV is known to decrease with regression of atherosclerosis 35. 36 DIAGNOSTIC METHODS-PERIPHERAL VASCULAR DISEASE of arterial stiffening (a natural aging process) and atherosclerosis (a disease with high prevalance in Occidental populations and low prevalence in the East) to PWV, we decided to study a population with low cholesterol, low risk factors for atherosclerotic disease, and low incidence of coronary heart disease.3>40 We believed that similar findings to those in Occidental populations would suggest that medial degeneration is the major cause of increasing PWV with age; dissimilar findings (i.e., lesser change of arterial PWV with age) would suggest subclinical atherosclerosis to be the major cause.
The objective of this study was to distinguish the effects of a disease from the effects of a natural aging process, and to gain further information on the effects of aging on left ventricular hydraulic load.
Methods
Subjects. Volunteers for this study were sought from persons living in the neighborhood of the Fu Wai Hospital in central Beijing. To achieve an even age spread, independent approaches were made to kindergartens, primary and secondary schools, factories, and offices, and individually to persons living in retirement. Volunteers were subjected to a screening process aimed at excluding any with symptoms or signs of cardiovascular or other disease. This comprised an interview and physical examination. Subjects were not excluded on the basis of past disease or of arterial pressure, even if this was under treatment.
A total of 480 subjects entered the study, which was conducted in an outpatient clinic set aside especially for this purpose over a 2 month period in the Fu Wai Hospital. The age distribution for both male and female subjects is shown in table 1. Of the 480 subjects, 34 had been diagnosed as hypertensive and were undergoing treatment, six had suffered myocardial infarction, one had angina, and one had diabetes; during the study one was found to have left bundle branch block, but no cause for this was found. In later analysis of data from these subjects, values of PWV fell within the range for the group as a whole. Age of subjects ranged from 3 to 89 years, with an average age of 41 ± 20.8 Procedure. After recruitment and initial screening, appointments were made for subjects to attend the special Fu Wai Hospital clinic. The purpose of the study and procedure were explained and subjects were allowed to rest and become as comfortable as possible before the first measurements were taken. All measurements were taken in an evenly heated and ventilated room with the subjects recumbent.
Arterial pressure measurement. Arterial pressure was measured with a standard mercury sphygmomanometer. The technique was similar to that used in a U.S. 1977 survey.41 A 13 cm cuff was used for adults and a pediatric 9.5 cm cuff was used for children younger than 10 years of age. Systolic pressure was taken as the point of appearance of Korotkov sounds and diastolic pressure was taken as the point of disappearance of sounds (phase 5). Arterial pressure was recorded on three occasions: first, after the subjects had been recumbent and at ease for at least 5 min and before any flow recordings were taken; second, during the flow measurement procedure; and finally, after the flow measurement procedure had been completed. Values given are the average of all three determinations.
Mean arterial pressure (MAP) was estimated from systolic (SAP) and diastolic (DAP) pressures as
Transcutaneous Dopplerflow recording. Three Doppler flow recordings were taken at two sites simultaneously: (1) at the aortic arch and right femoral artery in the groin; (2) at the right femoral artery in the groin and right dorsalis pedis artery in the foot; and (3) at the right brachial artery (in the middle upper arm) and right radial artery at the wrist.
Flow was measured with a nondirectional Doppler unit (Parks model 802, 10 Mz) with hand-held probes. For aortic arch flow, the transducer was placed in the suprasternal notch and angulated down until the characteristic high-amplitude signal was achieved. On some occasions (138 in all, or 28.7%) a good quality high-fidelity signal could not be recorded at this site. On those occasions the transducer was directed laterally in the base of the neck to record flow in the common carotid artery, which was recorded simultaneously with femoral artery flow. Transcutaneous Doppler flow waves were recorded on an FM tape recorder and simultaneously at high speed (100 mm/sec) on a paper chart recorder with high-frequency response (known flat response to 50 Hz).
Measurements of flow were taken first from the brachial and radial arteries, from the femoral artery and dorsalis pedis artery, and from the aortic arch and femoral artery; arterial pressure was determined again before the third pair of recordings, and then again after the third pair had been taken. The whole procedure was usually completed within 15 to 20 min.
Determination ofPWV. PWV was determined as foot-to-foot wave velocity.' 0 17 The foot of the flow wave was identified as the point where the sharp systolic upstroke commenced. When this could not be defined precisely, a tangent was drawn to the last part of the preceding flow wave and to the upstroke of the next wave, and the foot wave was taken as the point where these lines intersected. The time delay was measured between the feet of simultaneously recorded flow waves. This was averaged over at least 1 respiratory cycle of about 10 beats and designated At, the time delay for the pulse to travel between the two sites. Distance traveled by the pulse was measured over the surface of the body with a tape measure as the distance between recording sites and designated Ax. For aortic arch flow, the point of flow measurement was taken to be the midpoint of the manubrium sterni. When flow was measured in the carotid artery (instead of the aortic arch), the distance between recording site and midmanubrium stemi was measured and subtracted from AVOLIO et al.
the distance between this point and the femoral artery. PWV was determined over the three arterial segments as PWV = Ax/ At. That over the first segment (between aortic arch and femoral artery) was designated aortic PWV; that between femoral artery and dorsalis pedis, femoral PWV; and that between brachial and radial arteries, brachial PWV. In Results and in Discussion, attention will be focused on aortic PWV as the most important of these physiologically.
Cholesterol measurement. Serum cholesterol was determined in a subgroup of 79 subjects 17 to 85 years of age. The age distribution of this subgroup is shown in table 2. Because of logistic problems it was impractical to obtain serum cholesterol measurements for all subjects in whom PWV was measured. However, we attempted to obtain a representative sample spanning a similar age range. Several days after recordings had been taken, subjects returned to the clinic after fasting overnight and blood was taken by venesection for cholesterol measurement. Total cholesterol was determined in the Fu Wai Hospital laboratory by the standard colorimetric method with the ferric chloride-acetic acid-sulphuric acid technique.
Analysis. Data for each subject -age, sex, height, weight, cholesterol value, average systolic pressure, average diastolic pressure, aortic PWV, femoral PWV, and brachial PWVwere entered into a PDP 11/03 digital computer. Relationship between different variables was obtained by means of least squares linear regression analysis.
Results
Data were obtained from 480 subjects 3 to 89 years of age. Arterial pressure was relatively high, with 75 of the whole group (15.6%) being hypertensive according to World Health Organization (WHO) criteria (supine systolic blood pressure > 160 mm Hg or supine diastolic blood pressure > 95 mm Hg). All these people were over 32 years old. Previous studies had shown a high prevalence of hypertension in subjects from Beijing with 10% of those screened fitting WHO criteria. 39 The apparently higher prevalence in our study was probably due to measurements being taken on the one occasion only (although averaged from three determinations) with the subjects in the recumbent position. The recumbent position was used deliberately for comparison with PWV values, which are best measured with all sites at the same level. Chinese subjects there was no significant relationship between PWV and serum cholesterol. A similar finding was demonstrated by Schimmler4 in a much larger group of 1552 German subjects. One aim of this investigation was to determine whether change in PWV with age is primarily due to increased stiffness of the arterial wall from degenerative medial changes or to increased thickness of the arterial wall due to atherosclerosis. In the community studied, incidence of atherosclerotic disease is known to be low,37-39 and as in other Asian countries, serum cholesterol is low, compared with Western populations. 43 In addition, there was no clinical evidence of peripheral atherosclerosis in the group studied. It was expected that the prevalence of atherosclerosis in this group would be low and that change in wall thickness with age would be less than in other populations. These subjects, however, showed higher rather than lower values of PWV than other populations and greater increase with increasing age (figure 3). The fact that similar changes in PWV with age are seen in different populations with different prevalence of atherosclerosis, argues against atherosclerotic involvement of the wall being a major factor in such change. Medial degeneration, a consequence of aging, appears to be the most important factor. Certainly atherosclerosis, in humans and in experimental animals, can lead to increase in PWV. 25 Recent studies of arterial pressure/flow relationships have made much of characteristic impedance as an index of arterial distensibility and left ventricular load. Similar information is available noninvasively from PWV. In view of its value and clinical relevance, it is surprising that so few studies of PWV have yet been reported. The only drawback with PWV is that for accurate noninvasive determination it must be measured over a long length of the arterial system and thus gives information on the properties of the whole vascular segment, whereas characteristic impedance gives information on the properties of the arterial segment immediately distal to the point of measurement."' Despite these difficulties, the former is a useful index of the latter, and both are relevant to arterial properties and cardiac load.
In this study, change in arterial stiffness with age was apparent from the increase in PWV and increase in pulse pressure, the former by 134% between birth and age 90, and the latter by 83% over the same period. The change in pulse pressure in the brachial artery with age is dependent, not only on change in arterial stiffness, but also on stroke volume and on amplification of the pulse between central aorta and peripheral artery." Stroke volume and cardiac output (in adults) are known to decrease with age; pulse amplification also decreases with age.1' Both these factors could explain the lesser change in pulse pressure than in wave velocity.
It is surprising that PWV has been recorded so infrequently in epidemiologic studies. It gives valuable information on arterial distensibility and on left ventricular hydraulic load independent of other factors (including stroke volume which affects the level of systolic and pulse pressure). It is readily measured noninvasively. In this study, results argue strongly against atherosclerosis as an important factor influencing arterial distensibility. Furthermore, the high values of PWV in this study correlated with high prevalence of hypertension in urban parts of northern China.35A0 Further studies will be conducted in other regions cf China with known low prevalence of hypertension.
